The increasing availability and use of diffusion-weighted (DW) single-shot echo-planar imaging (EPI) in basic and clinical neuroscience renders the accompanying signal void and geometric distortions due to magnetic susceptibility differences a problem of utmost importance. In fact, a definite solution to the resonance offset problem in diffusion tensor imaging (DTI) must be considered mandatory for its integration into any clinical decision making. Proposals to improve EPI acquisitions range from postacquisition corrections to a reduction of the echo train length by multishot sequences or parallel imaging. In fact, these latter approaches effectively reduce the degree of T 2 * weighting and ameliorate corresponding image artifacts. On the other hand, higher field strengths such as 3 T or above at least partly counterbalance this improvement by a pronounced decrease of white matter T 2 (and T 2 * ) relaxation times.
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In contrast, MRI sequences with radiofrequency-refocused echoes exhibit no sensitivity to magnetic field inhomogeneities and susceptibility differences. In an earlier contribution we described DW single-shot stimulated echo acquisition mode (STEAM) MRI as a means to obtain distortion-free diffusion tensor maps of the human brain (1) . The prize to be paid is a longer measuring time and lower SNR than obtainable with EPI. Subsequently, it could be shown that (non-DW) single-shot STEAM MRI may be improved by the use of conventional half Fourier (HF) phase encoding (2) . The correspondingly shorter train of stimulated echoes reduces the image acquisition time and simultaneously improves the SNR. This is because the possible flip angle increase for the STEAM readout pulses overcompensates the SNR reduction due to a lower number of stimulated echoes.
The purpose of this contribution is to extend our previous work on DW single-shot STEAM MRI to the general case of partial Fourier (PF) imaging (3). Unfortunately, a straightforward reconstruction of DW PF images using the conjugate complex symmetry of k-space is precluded by the fact that the diffusion gradients enhance the spatially inhomogeneous phase distribution observed in vivo to such a degree that respective reconstructions fail to achieve undistorted images. Here, it is demonstrated that the expected increase in SNR and speed of PF versions can be realized if the images are reconstructed with use of the projection onto convex subsets (POCS) algorithm (4, 5) . The gain in performance is demonstrated for applications to human brain.
MATERIALS AND METHODS
All studies were conducted at 2.9 T (Siemens Magnetom Trio, Erlangen, Germany) using 40 mT m Ϫ1 gradients with a maximum slew rate of 200 mT m Ϫ1 ms Ϫ1 . Images were acquired with a receive-only eight-channel phased-array head coil (Siemens, Erlangen, Germany) and a body coil for RF transmission. Written informed consent was obtained from all subjects prior to the examination. Anatomic imaging was based on T 1 -weighted 3D FLASH MRI sequences (TR/TE ϭ 11/4.9 ms, flip angle 15°).
Diffusion tensor analyses were performed with the use of software developed in-house. Diffusion data acquired at 2 mm isotropic resolution were linearly interpolated to 1 mm isotropic resolution and subjected to a 3D Gaussian filter ( ϭ 1 voxel). The subsequent calculation of the diffusion tensor employed a weighted linear least-squares algorithm.
Diffusion-Weighted Single-Shot STEAM MRI Figure 1 depicts a DW version of a single-shot STEAM MRI sequence with middle interval TM and low-flip angle readout pulses ␣ that refocus a train of stimulated echoes (STE) with echo time TE STE and repetition time TR. For diffusion encoding, the initial 90°pulse of the single-shot STEAM MRI sequence (6) is replaced by a (virtual) spin-echo signal (SE), which results from the application of a single 90 -180°spin-echo interval. Specific spoiler moments (shaded areas in Fig. 1 ) are required to dephase magnetizations that do not belong to the coherence pathway of the stimulated echo but nevertheless reach zero phase during the readout interval. Respective moments were applied along all three logical directions of the imaging gradients comprising balanced spoiler gradients in the TE STE /2-intervals and spoiler gradients during TM. After data acquisition, residual magnetizations during TR are spoiled by gradients applied along the slice and readout direction. Because unnecessarily high slew rates may lead to physiologic nerve stimulation or cause eddy currents and respective image artifacts, the spoiler gradients in readout direction were reduced as far as possible while maintaining a strong spoiler moment along the slice selection direction. While the schematic representation shown in Fig. 1 depicts all spoiler moments as separate gradients from the imaging gradients, practical implementations merge respective moments where possible.
For applications to human brain, DW single-shot STEAM MRI was performed at 2 ϫ 2 mm 2 in-plane resolution using a rectangular 160 ϫ 256 mm 2 field of view in conjunction with an acquisition matrix of 80 ϫ 128, 50 ϫ 128, and 44 ϫ 128 for full Fourier (FF), 5/8 PF, and HF encoding, respectively. The bandwidth of the acquisition was optimized for SNR while avoiding spatial blurring due to the echo decay. This takes into account that the strength of a particular STE signal is determined by the flip angle of its readout pulse, the availability of residual longitudinal magnetization left over from preceding readout pulses, and the absolute length of the echo train, that is the amount of T 1 relaxation on the initially prepared magnetization during the effective TM (1). Thus, using SNRϳsin␣/ ͱbw and TR ϭ 1/bwϩT res with bw the receiver bandwidth (or acquisition period 1/bw) and T res the residual time required for gradient switching during TR, the SNR may be described as a function of bandwidth (3). For white matter at 3 T (T 1 Ϸ 800 ms) the analysis results in a value of about 180 Hz/pixel (1/bw ϭ 5.5 ms) with TR values of 7.3-7.8 ms for section thicknesses of 2-4 mm. Thus, in comparison with previous implementations at 2.0 T (1,2), the prolonged T 1 relaxation times allowed for a reduction of the optimal bandwidth.
Diffusion encoding employed b values of 0 and 1000 s mm Ϫ2 with a diffusion time of 28.7 ms (gradient duration 17.4 ms). The corresponding echo time TE DW was made as short as possible to minimize T 2 relaxation losses and long enough to allow for a sufficient diffusion time and a suitable set of diffusion gradients. Here, the echo time was kept at 50.1 ms. Complementing the acquisition of one non-DW image, diffusion encoding was accomplished with use of either 12 or 24 gradient directions, that is two sets of either 6 or 12 gradients with opposite sign. In either case, the arrangement of gradient orientations followed the icosahedron scheme (7), which has been shown to possess an advantageously low and rotationally invariant condition number (8) . This finding was consistent with own experimental observations (3).
Practical implementations focused on two different protocols: (i) 18 sections with 4-mm thickness required a multislice repetition time of 7.5 s, which in conjunction with 12 gradient directions (corresponding to the acquisition of 13 images) resulted in a total measuring time of 1.6 min, and (ii) 38 sections with 2-mm thickness and a corresponding multislice repetition time of 17.7 s yielded a minimum measuring time of 7.4 min for the use of 24 gradient directions (25 images). However, in order to improve the SNR, data averaging was performed using magnitude images.
Partial Fourier Acquisitions
Assuming all other conditions to be constant (e.g., the spatial resolution), the SNR of a spin-warp image is proportional to the square root of the number of echo signals acquired, that is the number of lines in k-space. Accordingly, PF acquisitions decrease the SNR by the square root of the reduction factor. While this applies to EPI, it is not true for single-shot STEAM MRI. The sequence benefits from the fact that a lower number of stimulated echoes allows for a considerably higher flip angle of the readout pulses and a corresponding gain in SNR. It is noteworthy, that this improvement may be obtained without deterioration of the point-spread function (PSF) or true nominal pixel resolution of a single-shot STEAM image. In fact, if the full width of half maximum (true resolution) as obtained for FF phase encoding (1),
is maintained for HF phase encoding, then the corresponding maximum flip angle yields [2] with cos␣ FF given by Eq. [1] . This derivation follows the ideas outlined in Ref. (2) . In the general case of PF imaging, it is advantageous to sample the n c symmetric lines of the central k-space with centric reordering and all outer lines l Ͼ n c extending to one side of k-space with ascending order. The procedure suggests the use of two different flip angles for the inner and outer segments of k-space, which would result in a discontinuity in the decay of stimulated echoes. The problem may be avoided by introducing variable flip angles which can be recursively calculated according to
for l Յ n c [3] tan␣ l ϭ sin␣ lϩ1 ⅐ e
FWHM/FOVϪTR/T1
for l Ͼ n c . [4] In contrast to the signal behavior obtained for a constant flip angle ␣ HF , variable flip angles modulate the effect on the PSF by a slightly lower start value, which then increases toward 90°for the final pulse (3).
The relative SNR (rSNR) of both approaches may be estimated from the flip angles for the central lines in kspace: rSNR ϭ SNR PF /SNR FF ϰ sin␣ PF /sin␣ FF ⅐ ͱ5/8 . [5] An even better measure of performance is the rSNR per unit time, rSNR u ϭ rSNR/ ͱAcq , [6] with Acq the image acquisition time. Depending on the actual experimental parameters, that is TR values of 7-9 ms and T 1 values of 700 -800 ms, single-shot STEAM MRI with 5/8 PF encoding promises a theoretical gain of the rSNR of about 10 -20%.
Image Reconstruction
A proper reconstruction of images from PF data with phase inhomogeneities requires a regeneration of the full symmetric data set in k-space. The method used here was originally proposed by Cuppen and van Est (4) and translated into the more general mathematical framework of the POCS algorithm by Liang (5) . The central idea of POCS is to constrain the symmetrization process in k-space by a pre-estimated phase and to simultaneously ensure consistency with the original data. As illustrated in Fig. 2 , the POCS algorithm comprises the following steps:
(i) A first approximate image l (x) (l ϭ 0) is reconstructed by zero filling of the original PF data and Fourier transformation.
(ii) A low-resolution phase image (x) is obtained from the low-frequency portion of the PF data followed by filtering (here along both the phase-and frequency-encoding dimension), zero filling, and Fourier transformation.
(iii) The reconstructed image l (x) is forced to fulfill the phase constraint by setting
i͑x͒ . [7] (iv) Subsequently, an inverse Fourier transformation of image Ј l (x) serves to generate a full k-space representation. (v) Where experimental k-space data are available, the estimated lines are replaced with the original PF acquisition. The procedure yields a new k-space representation which, after Fourier transformation, refers to an image l ϩ 1(x) that is consistent with the raw data.
Upon iteration of steps (iii) to (v) the algorithm converges rapidly to an image that satisfies both the phase constraint and the data consistency. Nevertheless, the final image quality clearly depends on the quality of the true phase information obtainable from the original raw data. In order to cope with the degree of phase inhomogeneity observed in human brain in vivo, the use of only a very small number of central lines (e.g., n c Յ 10) as typically acquired for HF imaging is not sufficient. For single-shot STEAM MRI as used here, 5/8 PF encoding with an acquisition matrix of 80 ϫ 128 data points led to a total of 50 lines. The corresponding coverage of the central k-space by n c ϭ 20 lines resulted in high-quality images after only 4 -6 iterations. Figure 3 shows non-DW images and corresponding fractional anisotropy (FA) maps of the human brain in vivo, which were obtained by DW single-shot STEAM MRI as outlined above. The results refer to FF phase encoding with a constant (optimized) flip angle and PF encoding with either a constant flip angle or a series of variable flip angles. Although PF encoding with constant maximum flip angle yields the highest overall signal, this achievement is at the expense of affecting the PSF and causes image blurring. Best results are obtained for PF images acquired with a variable flip angle. As demonstrated by a comparison of respective FA maps, the approach markedly improves both the spatial homogeneity of anisotropy values and the sharpness of contrast borders relative to PF images with constant flip angle. Moreover, using a region of interest covering gray and white matter, the theoretically predicted signal increase for a PF version with variable flip angle relative to FF phase encoding with constant flip angle was experimentally determined to be 16% for rSNR and 20% for rSNR u . Figure 4 depicts selected results from DTI studies of the human brain. Two different sequences were implemented at 2 ϫ 2 mm 2 in-plane resolution (interpolated to 1 ϫ 1 mm 2 ). While one version primarily aims at clinical assessments of diffusion anisotropy using 18 sections at 4-mm thickness and 12 diffusion-encoding gradient directions (together with one non-DW image), the other approach is optimized to facilitate subsequent fiber tracking using isotropic 2-mm resolution (38 sections) and 24 gradient directions (plus one non-DW image). Accordingly, the maps shown in the top row of Fig. 4 correspond to a selected 4-mm section acquired within a measuring time of 8.5 min (5 averages), while the bottom maps at 1-mm thickness were obtained from 2-mm sections acquired in 29.5 min measuring time (4 averages). In either case the maps of the main diffusion direction (MDD, Fig. 4 , left) identify all major tracts crossing through this transverse section including fibers in the corpus callosum, internal and external capsule, fornix, and sagittal stratum (optic radiation) as well as arcuate fibers.
RESULTS AND DISCUSSION
The transparent overlays of the MDD maps onto the T 1 -weighted anatomy (Fig. 4, right) confirm the absence of geometric distortions due to susceptibility differences. Thus, the spatial congruence of the STEAM-derived diffusion data with anatomic MRI recordings allows for a direct correspondence without the need for a postacquisition correction method.
CONCLUSIONS
DW single-shot STEAM MRI offers considerable potential for DTI of the human brain. This particularly applies to regions that are affected by pronounced susceptibility differences. The spatial congruence of STEAM-derived diffusion maps with conventional anatomic scans seems to be a prerequisite for reliable clinical applications and is certainly beneficial for fiber tracking. Respective results will be published elsewhere. A decision regarding whether a particular DTI study should be based on single-shot STEAM or EPI must consider the actual question as well as the experimental boundary conditions. In the presence of susceptibilityinduced signal void or geometric distortions, the STEAM DTI approach may provide a suitable solution. On the other hand, without major susceptibility problems, EPIbased DTI still benefits from a better SNR and speed. However, further technical advances are foreseeable and, apart from the use of complex data averaging methods and improved coil designs, include preliminary combinations of DW single-shot STEAM with parallel imaging (9,10). 3 ) using 12 gradient directions, and (bottom) 2 ϫ 2 ϫ 2 mm 3 resolution (38 sections, 4 averages, measuring time 29.5 min, interpolated to 1 ϫ 1 ϫ 1 mm 3 ) using 24 gradient directions.
